We investigated the composition of free amino acids in walnut (Juglans regia L.) seeds (embryo and cotyledons). We also examined xylem transport of free amino acids in young seedlings grown in the absence of external nutrients. A relatively high concentration of free alanine was found in seed tissue, whereas a relatively high concentration of citrulline was detected in young seedlings. Citrulline was the main free amino acid transported in the xylem to stem and leaves. The negligible presence of citrulline, a non-protein amino acid, in the kernel and its presence in high concentrations in all of the tissues of young seedlings, including cotyledons, embryonic axis, taproot and stem, suggest that citrulline is synthesized during walnut germination. We conclude that citrulline plays an important role in nitrogen translocation during walnut germination.
Introduction
Juglans regia L., known as walnut, English walnut or Persian walnut, has been cultivated since prehistoric times for its fruit and wood. Because walnut is important in sustainable agroforestry systems, there is a need to develop programs of genetic improvement to obtain fast-growing plants that are resistant to environmental stress and disease and produce good quality timber. Implementation of such programs will require that natural ecotypes adapted to different environmental conditions be screened and evaluated for their genetic, agronomic, physiological and biochemical potential (Germain 1997 , Mapelli 1997 . Although walnut can be propagated by somatic embryos, grafting or cutting, propagation by seed remains the most common method, especially for rootstock production. However, little is known about the molecular physiology of walnut germination and no information is available on nitrogen metabolism during germination. We have undertaken a detailed investigation of nitrogen metabolism in walnut. In this study, we focus on free amino acids, which play essential roles in cellular biosynthesis and homeostasis and as nitrogen transporters. Specifically, we determined the free amino acid composition of the different tissues of walnut seed. We also examined transport of free amino acids in the xylem of young seedlings grown in the absence of external nutrients (nitrogen autotrophic growth). We found a relatively high concentration of free alanine in seed embryos and a relatively high concentration of citrulline in young seedlings.
Materials and methods

Plant material and treatment
Walnut seeds, cv. Lozerone, were collected in 1999 from the Nursery Payre-Grenoble, France and stored at 4°C. Germination of the seeds and seedling culture were carried out under nitrogen autotrophic conditions in a phytotron. Conditions in the phytotron were: 15-h photoperiod (fluorescent and incandescent light providing 250 µm m -2 s -1 PAR, at plant level); day/night temperature of 23 ± 1/18 ± 1°C; and day/night relative humidity of 70/75%. Percentage of seed germination was greater than 80% and seedling emergence occurred after about 15 days. Seedlings were grown in vermiculite to facilitate harvesting of seedlings with intact root systems making it possible to analyze both taproot and fine roots. One-month-old plants, 14 ± 2 cm high, with three leaves, were used for amino acid analysis and xylem sap collection.
Xylem sap collection
The shoot (leaves and stem) was placed in a Scholander pressure chamber so that only a part of the stem (3 cm) protruded. To avoid contamination with the phloem sap, bark was removed from the outside part of the stem. Immediately after bark removal, the end of the stem was recut (0.2 cm) and rinsed thoroughly with distilled water. The stem freed from the bark was then inserted in a plastic tube. The plastic tube protruded 0.5 cm from the end of the stem to facilitate collection of sap. The pressure in the vessel was increased until xylem sap was exuded (between 0.75 and 1.1 MPa). The first approximately 3 µl of sap was discarded. Xylem sap (total volume 20 µl) was collected with a microsyringe fitted with a plastic tube and immediately frozen and stored at -80°C. To estimate the magnitude of contamination by damaged living cells, an aliquot of xylem sap (2.5 µl) was taken for determination of ATP with the luciferin-luciferase assay (Labsystem, BioOrbit-ATP monitoring reagent). The emission of light from the luciferin-luciferase assay was monitored with a Biolumat LB 9500T (Berthold Systems, Inc., Aliquippa, PA). The ATP concentration in the xylem sap was 1.2 ± 0.1 × 10 -7 M.
Extraction and assay of amino acids
Seeds were divided into the embryonic axis and the cotyledon with the aid of a stereomicroscope. The cotyledonary pellicle was removed with forceps. Plants were divided into parts (fine roots, taproot, embryo axis, cotyledonary lobules, stem and leaves). Materials were immediately frozen and stored at -80°C. The frozen material was ground in a mortar with 0.6 M HClO 4 . The homogenate was centrifuged at 13,000 g for 15 min. Nor-leucine was added to the supernatant as an internal standard and the amino acids in the supernatant were then derivatized with o-phthalaldehyde (OPA). An aliquot (50 µl) of supernatant was mixed with 50 µl of OPA reagent (54 mg OPA, 54 mg of N-acetyl-cysteine, 1 ml of methanol and 9 ml of 0.4 M borate buffer, pH 9.5) and 450 µl of borate buffer, pH 9.5, and left for 1 min at 40°C. The OPA derivatives were then separated by HPLC (Jasco HPLC TRI ROTAR-VI gradient system) at a flow rate of 0.4 ml min -1 on a 3 × 125 mm HPLC Supersher 60-RP-Select B column (Merck, Whitehouse Station, NJ) with a precolumn of water spherisorb ODS-2 (Alltech, Deerfield, IL). Two mobile phases were used: (A) a 99.5:0.5 (v/v) mix of 0.1 M sodium acetate buffer (pH 7.13) and tetrahydrofuran; and (B) 100% methanol. At the beginning, phase B was 5% (v/v) and it was then gradually increased to 20% (v/v) in 8 min, to 80% (v/v) in 20 min, to 100% (v/v) in 0.5 min and kept at 100% for 1 min, and then returned to 5% (v/v) in 1 min. The fluorescence signal (excitation at 365 nm, emission at 455 nm) of the derivatized amino acids was monitored with a Jasco FP 920 fluorescence detector and continuous online quantification of chromatographic peaks was carried out with Maxima 820-Waters Dynamic Solution software. The amount of each amino acid was determined by comparison with a standard solution containing all of the amino acids, including citrulline and gamma-aminobutyric acid (Merck). Proline, not detectable by HPLC, was assayed as described by Bates et al. (1973) .
Results and discussion
Concentrations of free amino acids in walnut seed cotyledonary tissue and embryo were 9.57 ± 1.31 and 50.77 ± 4.55 µmol g fw -1 , respectively. Arginine, glutamate and alanine dominated the free amino acid pool of the cotyledonary tissue (Table 1) , whereas alanine was the main component of the free amino acid pool of the embryo tissue (Table 1) . The relatively high concentration of free alanine in the embryo, which differs from the amino acid composition of walnut seed protein (Sze-Tao and Sathe 2000, Savage 2001), may indicate that walnut seed development, at least during its last stage, occurs under conditions of low oxygen availability. In non-photosynthetic tissues, the accumulation of alanine is related to anoxic or hypoxic metabolism (Streeter and Thompson 1971, Reggiani et al. 1988) . Anoxic accumulation of alanine is common in walnut (authors' unpublished data). Because the relative proportion of alanine in total free amino acids is oxygen dependent Brambilla 1982, Bertani and Reggiani 1991) , Reggiani and Bertani (1990) suggested that alanine could serve as a hypoxic metabolic marker. If alanine is a good indicator of hypoxic conditions in germinating walnut seeds, then both the cotyledonary tissue and embryo experienced hypoxic conditions during development, probably because oxygen diffusion across the pericarp and pellicle is impeded.
Biomasses of cotyledons, embryonic axis, taproot, fine roots, stem and leaves of 1-month-old seedlings were 6.07 ± 0.62, 0.527 ± 0.014, 1.41 ± 0.13, 0.127 ± 0.008, 0.560 ± 0.036 and 0.481 ± 0.019 g, respectively. About 52% of the total free amino acids in 1-month-old seedlings was present in the cotyledons and about 26% was present in the taproot. The concentration of free amino acids in the taproot was similar to that in the embryonic axis, and greater than that in the cotyledons (Table 2) .
Seed germination resulted in marked changes in the metabolism of free amino acids in cotyledons. Cotyledons of 1-month-old seedlings grown under nitrogen autotrophic growth conditions were characterized by high concentrations of free arginine and citrulline (Table 2) . Based on the free amino acid compositions of walnut kernels and 1-month-old seedlings (Tables 1 and 2) , and taking into account that the cotyledons increased in fresh weight from 0.67 ± 0.21 g in the seed to 6.07 ± 0.62 g in the 1-month-old seedling, we calculated that the concentrations of free arginine and citrulline increased more than 30 and 500 times, respectively, over the 1300 MAPELLI, BRAMBILLA AND BERTANI TREE PHYSIOLOGY VOLUME 21, 2001 1-month period. The increase in free arginine could be partly a consequence of protein hydrolysis because walnut seed proteins are rich in arginine (Sze-Tao and Sathe 2000, Savage 2001). The dramatic increase in free citrulline, a non-protein amino acid, suggests de novo synthesis of this compound in cotyledonary tissue during germination. Citrulline can be synthesized from ornithine (derived from glutamate) and carbamyl phosphate by ornithine carbamyltransferase (Schubert and Boland 1990) , but the presence of a putative nitric oxide synthase catalyzing the conversion of arginine to citrulline plus nitric oxide cannot be excluded (Cueto et al. 1996) . Relatively high concentrations of arginine and citrulline were found not only in cotyledonary tissue, but also in the embryonic axis, taproot and stem of 1-month-old seedlings (Table 2). In all of these tissues, which have a nutrient storage function, the concentrations of citrulline and arginine made up about 80% of the total free amino acid pool, whereas in fine roots and leaves, generally characterized as sink tissues, the relative percentages of citrulline and arginine were less than 30% (Table 2 ). In the taproot, the concentrations of free arginine and citrulline were 1.87 and 0.97% of total fresh weight, respectively, indicating that these compounds have an important role as cellular osmotic components.
To assess how nitrogen compounds are transported from the seed and root to leaves, we analyzed the stem xylem sap. As shown in Table 2 , xylem transport of free amino acids during nitrogen autotrophic growth involved mainly citrulline. The relative concentration of citrulline in the xylem sap indicated that it represented more than 50% of the total free amino acids translocated. A high proportion of glutamine was also present in the xylem sap, but the relative proportion of arginine was low. The difference in the composition of the free amino acid pool and in particular the difference in the citrulline/arginine ratio between the taproot and embryonic axis and the xylem sap suggests the presence of a xylem selective loading mechanism for citrulline or the presence of a particular citrulline biosynthetic pathway in the xylem parenchymatic cells. We were unable to discriminate between these hypotheses. The role of citrulline in the transport of amino nitrogen to the aerial parts of young plants has received little attention. However, several studies (Barnes 1963, Schubert and Boland 1990) have shown that citrulline is present in root sap, phloem sap and xylem sap of many plants. Furthermore, citrulline has many characteristics that make it suitable as a mobile nitrogen compound. It is soluble in water, chemically unreactive and relatively stable, its carbon/nitrogen ratio is low (about 1.7), it is efficiently utilized for amino acid synthesis, and it can be utilized as a nitrogen source by leaves (Ludwig 1993) .
In J. regia plants, a massive quantity of citrulline is present in the xylem sap at bud break (Prima-Putra and Botton 1998). Mapelli et al. (2001) reported that, in J. regia cv. Lozeronne, glutamine is the predominant free amino acid in walnut xylem sap during the vegetative phase, but an increase in citrulline in xylem sap occurs after drought or flooding. In our study with the same cultivar, citrulline was the major nitrogenous compound present in stem xylem sap during nitrogen autotrophic growth of seedlings. Thus, it appears that citrulline functions as a nitrogen transporter in walnut during germination, spring regrowth, and during recovery from stress; i.e., at all physiological stages where mobilization of stored nitrogenous compounds occur. A preferential role of citrulline as a nitrogen transporter during remobilization of stored nitrogen in the spring has also been reported for Betula pendula Roth (Millard et al. 1998) .
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